There has been significant controversy whether stressful life events (SLEs) experienced over the lifespan may elevate the risk of depression in individuals who are homozygous for the short (S) allele of the repeat length polymorphism (5-HTTLPR) in the regulatory region of the serotonin transporter gene (SLC6A4), compared with individuals homozygous for the long (L) allele. On the basis of the hypothesis that age may be a critical variable, by which such a gene-by-environment interaction may be present in younger adults, but not in older adults and in children, aim of this study was to investigate the role of 5-HTTLPR and SLEs on the endocrine stress response in multiple age cohorts. A total of 115 children (8-12 years), 106 younger adults (18-31 years), and 99 older adults (54-68 years) were subjected to the Trier Social Stress Test (TSST) and structured interviews on SLEs. The TSST induced significant endocrine stress responses in all groups. There was a main effect of genotype in younger and older adults with individuals homozygous for the more active L allele showing a significantly larger cortisol response to the TSST than individuals carrying at least one of the low-expressing S alleles. As predicted, there was a significant interaction of 5-HTTLPR genotype and SLEs, but this interaction was only significant in younger adults and only when the measured SLEs had occurred during the first 5 years of life, suggesting that both age and the specific type of SLE has a role in whether a significant gene-environment interaction is observed.
INTRODUCTION
There has been considerable debate over the possible interaction of genetic polymorphisms and life stress history predicting susceptibility to psychopathology. Specifically, Caspi et al (2003) found that the development of depression was modulated by an interaction between a polymorphism in the serotonin transporter-linked promoter region (5-HTTLPR), which had previously been associated with elevated levels of neuroticism (Lesch et al, 1996) , affective disorders including depression (Collier et al, 1996) and stressful life events (SLEs) (Caspi et al, 2003) . Carriers of the S allele who experienced SLEs (such as childhood abuse, threat, loss, or humiliation) showed an increased risk for major depression or suicidal ideation, suggesting a gene-byenvironment interaction (G Â E). In contrast, individuals homozygous for the L allele were not at greater risk for depression irrespective of the number of SLEs they had experienced. Subsequent replication studies, however, produced inconsistent results (Bennett et al, 2002; Eley et al, 2004; Gillespie et al, 2005; Kendler et al, 2005; Neumeister et al, 2002; Ohara et al, 1998; Surtees et al, 2006) . Indeed, the investigators of a recent meta-analysis concluded that adding the 5-HTTLPR genotype does not improve the prediction of depression in relation with exposure to negative life events (Risch et al, 2009 ).
Yet, this meta-analysis did not take into account many of the potentially important methodological differences across studies that may have affected study outcomes. For example, McGuffin (2008, 2010) suggested that study outcome may have been affected by the age of the selected cohort and by the method of SLE assessment (Lewis et al, 2010; Uher and McGuffin, 2008) : they pointed out that positive results were reported in studies using younger cohorts (whereas studies using children and older adults produced mostly negative results), and in studies that assessed the occurrence of SLEs with structured interviews, rather than self-report measures (Lewis et al, 2010; Uher and McGuffin, 2008) . Furthermore, they suggested that studies using biological endophenotypes, such as those that investigate stress-induced HPA activation, might be more strongly associated with a specific polymorphism than a psychiatric disorder (Lewis et al, 2010; Uher and McGuffin, 2008) .
In order to directly test these hypotheses, we conducted a study of multiple age cohorts (children, younger adults, and older adults), using structured interviews to assess SLEs, in a social stress paradigm in which the biological endophenotype of interest was cortisol reactivity. The use of this particular paradigm was motivated by findings that 5-HTTLPR genotype is associated with individual differences in HPA axis activity (Barr et al, 2004; Gotlib et al, 2008) . Our primary goal was to assess whether cortisol reactivity would vary as a function of 5-HTTLPR Â SLE interaction. On the basis of the hypothesis of Uher and McGuffin (2008) that 5-HTTLPR genotype-mediated vulnerability might operate in a developmental period of young adulthood (Uher and McGuffin, 2008) , we hypothesized that the 5-HTTLPR Â SLE interaction would be evident in younger adults, but not in children or in older adults.
PARTICIPANTS AND METHODS

Participants
A sample of 115 children (50 boys; sample mean age 9.3 years, SD ¼ 1.03, range 8-11 years) was recruited from schools in Dresden. A sample of initially 114 younger adults was recruited among students of the Technische Universitaet Dresden. Owing to missing data regarding some female participants' menstrual cycle status, the final sample size was reduced to 106 younger adults (56 males; sample mean age 23.8 years, SD ¼ 2.55, range 19-31 years). There were no smokers in this sample and none of the female participants used hormonal contraceptives. A sample of 99 older adults (39 males; sample mean age 61.1 years, SD ¼ 2.70, range 54-68 years) was recruited from Dresden. Participants in this sample were also nonsmokers. All participants were of German/Middle European ancestry.
Participants were informed about the aims of the study and gave written informed consent (consent in the children's sample was obtained from their parents). The Ethics Committee of the German Psychological Association approved the study design.
ProcedureFTSST
All participants were scheduled for a laboratory session in the afternoon. The Trier Social Stress Test (TSST) was used to induce psychosocial stress. This standardized laboratory stressor consists of a free speech and a mental arithmetic task in front of an audience. After their arrival, participants were given a rest period of at least 20 min and then introduced to the TSST. The TSST has been found to elicit the strongest and most reliable cortisol responses to laboratory stress, as well as significant cardiovascular, immune, and participative responses compared with other protocols (Dickerson and Kemeny, 2004; Kudielka et al, 2007) . For participating children, an age appropriate version of the TSST was adapted ('Trier Social Stress Test for Children'; TSST-C), which has been described in detail elsewhere (Buske-Kirschbaum et al, 1997) . To assess cortisol levels, salivary cortisol samples were obtained repeatedly 2 min before the TSST (t1) as well as 2 (t2), 10 (t3), 20 (t4), and 30 (t5) minutes after the termination of the TSST using 'Salivettes' (Sarstedt; Rommelsdorf, Germany). All samples were collected for determination of the unbound and biologically active fraction of cortisol and were kept at À20 1C until analysis. Salivary cortisol samples were prepared for biochemical analysis by centrifuging at 3000 r.p.m. for 5 min, which resulted in a clear supernatant of low viscosity. Salivary-free cortisol concentrations were determined employing a chemiluminescence immunoassay with high sensitivity of 0.16 ng/ml (IBL; Hamburg, Germany). Intra-and interassay coefficients of variation were below 8%.
Psychological and Sociodemographic Assessments
Participants of the younger adult sample, as well as parents of participating children, underwent a semistructured screening for psychiatric or neurological disorders or treatment and a structured interview for the assessment of SLEs. This interview was based on the life history calendar (LHC), which collects detailed retrospective data about SLEs, for example, death of close relatives or friends, serious illness or injury, relationship stressors, major difficulties at work or in school, financial problems, and experienced disasters (Axinn et al, 1999; Freedman et al, 1988) . Validity and reliability of the LHC is enhanced through its use of memory cues, relating one event to other events that occurred about the same time. It elicits easily recalled memories of a personal matter and uses this information to aid the retrieval of less easily recalled information. The LHC uses a calendar format, which makes it easier to assess consistency and to correct discrepancies. The interview combines chronological and theme-based structures that fit to the organization of autobiographical memories and support sequencing as well as parallel retrieval approaches. Freedman et al (1988) reported agreement ranging from 72 to 92% between retrospectively obtained LHC data in comparison with data obtained 5 years earlier about the respondent's current situation (Freedman et al, 1988) . In addition, Caspi et al (2003) found 90% agreement over a 3-year period (Caspi and Moffitt, 2006) . For the older adult sample, the interview used was based on the Life Events Questionnaire (LEQ), which measures negative life events concerning self or significant others (ie, parents, siblings, partner, children, and important people such as a close friend or a confidant) (Kraaij and de Wilde, 2001 ). This interview is a lifetime instrument since the incidence of all events is being questioned for different developmental periods, that is, childhood, adulthood, late adulthood, and the year before the interview.
Genotyping
To obtain DNA samples, Oragene DNA Extraction kits (DNA Genotek, Ottawa, Ontario, Canada) or BuccalAmp DNA Extraction kits and protocol were used. Participants were genotyped for the 43-bp insertion/deletion polymorphism in the regulatory promoter region of the serotonin transporter gene (5-HTTLPR) and the A/G SNP as previously described (Lesch et al, 1996; Wendland et al, 2006) . Carriers of S and L G alleles were grouped together (S group:
because of the comparable expression profiles of S and L G (Hu et al, 2005; Hu et al, 2006; Wendland et al, 2006) and compared with L A /L A homozygotes (L group). Frequencies of the two 5-HTTLPR groups including the A/G SNP for all three samples are shown in Table 1 .
As genetic association studies yield inconsistent analyses regarding 5-HTTLPR classifications, tri-allelic genotypes were classified and analyzed as well (see Supplementary Information).
Statistical Analyses
The average cortisol levels for all time points were computed and tested for univariate normality in all samples (Kolmogorov-Smirnov test). Although cortisol levels were normally distributed in the younger adult sample (p40.05), cortisol data in the children's and older adult's samples had to be log-transformed before conducting subsequent analyses.
Cortisol responses were then analyzed with separate repeated measurements (ANOVAs) to ensure successful stress induction by the TSST and to look for potential gender influences in each of the three samples. As among younger adults women varied in their menstrual cycle stage, this information was included in the factor gender (men vs women in luteal phase vs women in non-luteal phase). Univariate ANOVAs with cortisol levels as a repeatedmeasures within-subject factor and 5-HTTLPR genotype (S vs L group) as a between-subject factor were conducted separately for each of the three samples. Cortisol increase from baseline (2 min before the TSST) to the highest peak level after the TSST was entered as independent variable. As shown in Table 2 , the highest peak after the TSST was reached after 20 min in children and in older adults, and after 10 min in younger adults.
In subsequent analyses, main effects of, and interactions between, 5-HTTLPR genotype and SLEs on the endocrine stress response were examined in all samples. ANOVAs were conducted with the stress-induced alteration levels to the TSST (and TSST-C, respectively), as a within-subject factor and genotype (S vs L group) as well as SLEs as between-subjects factors. The total number of SLEs (SLE-T) reported was used for determining life stress. All samples were divided into three SLE-T groups (low, moderate, and high life stress). For children and younger adults, a second measure of cumulative stress was analyzed, that is, accumulated stress over the first 5 years of life (SLE-5). Both samples were divided into three SLE-5 groups (none, moderate, and high life stress). Since this measure was unfortunately not available for older adults, we analyzed accumulated stress over the first 15 years of life (SLE-15) for older and younger adults. Since in the children sample, age ranged between 8 and 11 years we did not include this measure here. All SLE groups did not differ with regard to genotype (S vs L group) and gender (all pX0.08).
Bonferroni-adjusted post hoc analyses and follow-up ANOVAs for group comparisons were conducted where appropriate. For determination of effect size, partial Eta 2 for significant effects was estimated. Degrees of freedom were Greenhouse-Geisser corrected where appropriate. Level of significance was a ¼ 0.05 for all analyses. All statistical analyses were performed using SPSS for Windows (Version 15 and 18, Chicago, Illinois, USA).
We have completed a procedure to control for type I error in our planned comparisons using a modified Bonferroni correction suggested by Keppel and Wickens (2004) to control for family-wise error.
All analyses regarding main effects of, and interactions between, 5-HTTLPR genotype and SLEs on the endocrine stress response have been computed with the tri-allelic genotype classification of 5-HTTLPR (S'/S' vs S'/L' vs L'/L') for every sample as well (see Supplementary Information).
RESULTS
Stress Response to Public Speaking
A repeated-measures ANOVA revealed that cortisol increased significantly in response to the psychosocial stressor in children (F 1.46 
5-HTTLPR classification in younger adults
5-HTTLPR classification in older adults Figure 1 ) on the cortisol response. There was no effect of gender on the endocrine stress response (F 1, 113 ¼ 0.15, p ¼ 0.701).
Interaction of Genotype Â SLE on Stress Reactivity in Children
In children, analyses of 5-HTTLPR and SLE-T and SLE-5 did not show any significant interaction impacting on the endocrine stress response (all pX0.69). Figure 2 . We also found a significant main effect of gender on the endocrine stress response (F 2, 103 ¼ 4.13, po0.05, Z 2 ¼ 0.07) with male participants showing a higher endocrine stress response in comparison with women in the non-luteal phase (po0.05), which is in line with previously reported findings (Kirschbaum et al, 1999) . No differences were observed between women in the luteal vs non-luteal phase or between men and women in the luteal phase, respectively (all p40.19). 
Main Effects of TSST, SLE, and Genotype on Stress Reactivity in Younger Adults
S group ¼ S/S, S/L G , L G /L G , S/L A , L G /L A genotypes; L group ¼ L A /L A genotype.
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Interaction of Genotype Â SLE on Stress Reactivity in Younger Adults
As a result of the very small cell sizes, we could not include gender as an additional factor in our main ANOVA in younger adults but added it as a covariate. Here, analyses concerning 5-HTTLPR and SLE-15 or SLE-T showed no significant interaction on the endocrine stress response (all pX0.84). However, there was a significant interaction of 5-HTTLPR and SLE-5 (F 2, 99 ¼ 3.71; p ¼ 0.028, Z 2 ¼ 0.07) on the endocrine stress response: for the L group, the endocrine stress response was negatively correlated with SLEs, whereas for the S group, the endocrine stress response was positively correlated with SLEs. This interaction effect was so strong that it contributed to dramatically different patterns of cortisol reactivity: in the absence of any early SLEs, individuals in the L group exhibited a significantly higher endocrine stress response than individuals in the S group; yet, this pattern was reversed for individuals who had experienced three or more early SLEs (see Figure 3) . After the control for type I error in our planned comparisons using a modified Bonferroni correction suggested by Keppel and Wickens (2004) to control for family-wise error, this effect was still significant.
Main Effects of TSST, SLE, and Genotype on Stress Reactivity in Older Adults
In older adults, genotype groups did not differ in gender distribution (w 
Interaction of Genotype Â SLE on Stress Reactivity in Older Adults
In older adults, interactions between 5-HTTLPR and SLE-15 or SLE-T showed no significant interaction effect on the cortisol stress response (all pX0.41).
All analyses have been conducted for tri-allelic genotypes as well (see Supplementary Information and Supplementary  Table 2 ).
DISCUSSION
The existing literature on gene-environment interactions for 5-HTTLPR genotype and life stress has produced conflicting results, possibly due to methodological heterogeneity across studies with respect to subject recruitment and life stress assessment (Uher and McGuffin, 2008; Uher and McGuffin, 2010) . We have now conducted the first study to assess such a gene-environment interaction across multiple age cohorts, using a consistent and highly sensitive life stress assessment methodology, and a quantitatively measured biologically based endophenotype. On the basis of three age cohorts of children, younger adults, and older adults, and with each cohort similarly powered to detect a gene-environment interaction, we now report evidence for a significant interaction in the cohort of younger adults only.
Our analyses suggest that, indeed, subject age and SLE assessment both influence whether a significant interaction . Among the 78 participants in the S group, 28, 35, and 15 study members experienced 0, 1 to 2, and 3 or more stressful events, respectively. Among the 28 participants in the S group, 6, 16, and 6 study members experienced 0, 1 to 2, 3 three or more stressful events, respectively. 
5-HTTLPR, SLEs, and stress
A Mueller et al between 5-HTTLPR genotype and SLE will be observed. When the measure of SLE was the total number of such events (SLE-T), accumulated over a lifetime, none of the three age cohorts exhibited a significant geneenvironment interaction. Similarly, when the measure of SLE was the number of such events during the first 15 years of life (SLE-15), neither younger nor older adults exhibited a significant gene-environment interaction (no SLE-15 data were available for the cohort of children studied here). However, when the focus was on SLE that had occurred during the first 5 years of life (SLE-5), there was a significant interaction between 5-HTTLPR genotype and SLE, but only in the younger adults, not in children (no SLE-5 data were available for older adults). Thus, this study is consistent with the hypothesis (Lewis et al, 2010; Uher and McGuffin, 2008 ) that age but also SLE assessment may be critical variables in gene-environment interactions involving 5-HTTLPR genotype (Uher and McGuffin, 2008; Uher and McGuffin, 2010) . Future work will also need to address why significant G Â E interactions were absent in adolescents but present in younger adults. We speculate that the emergence of significant G Â E interactions over this period may reflect developmental processes in brain maturation that may be epigenetically regulated (Bennett-Baker et al, 2003; Munoz-Najar and Sedivy, 2010) . Among younger adults, the interaction between 5-HTTLPR genotype and life stress was significant only when the analysis focused on SLEs that had occurred in the first 5 years of life: individuals homozygous for the L A allele exhibited a negative correlation between the number of SLEs during the first 5 years of life and peak cortisol response to social stress, whereas carriers of the S allele exhibited a positive correlation. Strikingly, a very similar pattern was reported by Canli et al (2006) , who in an imaging study observed a negative correlation between SLEs and amygdala activation in homozygous L allele carriers and a positive correlation in S allele carriers (Canli et al, 2006) , although these analyses did not separate early SLEs from other SLEs.
The interesting 'crossover' found in the cortisol response when analyzing is similar G Â E and seems to be similar to what has been observed for depression and suicide studies showing that the S allele may be associated with enhanced cortisol release after early exposure to stress (Caspi et al, 2003; Roy et al, 2007) .
These data suggest that the short variant of the 5-HTTLPR does not constitute a 'vulnerability' allele, but rather that the endophenotype associated with the short allele may be optimal or not, depending on the environment: if one operationalizes optimal socioemotional functioning in terms of low cortisol reactivity to a social stressor, then individuals in the S group outperform individuals in the L group, if both groups had experienced low numbers of early SLEs. Indeed, Taylor et al (2006) made a similar observation with respect to homozygous S allele carriers, noting that in benign environments, their genotype assumes properties that protect from depression, relative to L allele carriers (Taylor et al, 2006) . Contradictory, recent results showed that newborns with two S alleles have been found to show the highest response after a physical stressor (Mueller et al, 2010) .
The data from this study, as in Canli et al (2006) , also show that responsiveness to environmental influences is not a special attribute of the short variant of the 5-HTTLPR, as some have argued in favor of the short allele as a 'plasticity gene' ) providing a genetic basis to improved performance in an array of cognitive tasks and increased social conformity (Homberg and Lesch, 2010) . Instead, both studies have shown that homozygous long allele carriers exhibit markedly different behavioral and neural responses to social stressors, visual stimuli, and in the scanner at rest, depending on their early life stress history. This may explain why some studies associated the L allele with less favorable phenotypes, such as increased cardiovascular reactivity, greater risk of myocardial infarction (Coto et al, 2003; Fumeron et al, 2002; Williams et al, 2001) , increased risk of psychosis (Goldberg et al, 2009) , and increased risk of chronic PTSD (Grabe et al, 2009; Lee et al, 2005; Thakur et al, 2009) . In light of these results, it is possible that, in the absence of early SLEs, homozygous L allele carriers are susceptible to multiple physical and psychological adverse outcomes.
The interaction of 5-HTTLPR genotype and SLEs may explain, at least in part, why cortisol studies that have not taken life stress history into account have produced inconsistent findings. For example, Jabbi et al (2007) and Gotlib et al (2008) found larger cortisol responses to a stressor in homozygous carriers of the S allele (Gotlib et al, 2008; Jabbi et al, 2007) . We recently reported that newborns with two S alleles exhibit the highest cortisol response after a physical stressor (Mueller et al, 2010) . In contrast, Alexander et al (2009) and Wüst et al (2009) did not find significant differences in cortisol reactivity between 5-HTTLPR groups after a stressful task. Contrary to these previous studies, we now report that homozygous carriers of the L allele exhibited the largest cortisol response to a stressor. However, this vigorous reactivity has to be viewed in the context of early SLEs: it was only present in those individuals who had not experienced any early SLEs (see Figure 4) . Indeed, the cortisol response of the L group with no early adversity was almost thrice as high as the cortisol response of the S group. However, in individuals who had experienced three or more early SLEs, the pattern was reversed: the cortisol response of the L group with early SLEs was almost one-third below the cortisol response of the S group. Thus, SLEs likely represent a major confounding variable that needs to be included in future analyses of cortisol reactivity as a function of 5-HTTLPR genotype. Indeed, the fact that among younger adults in our study the L group exhibited greater cortisol reactivity than the S group can therefore be largely attributed to the fact that the majority of L group members (N ¼ 12 (out of 28)) had not experienced any early SLEs.
Only one previous study had measured cortisol reactivity as a function of SLEs: Alexander et al (2009) reported higher cortisol levels in males homozygous for the S allele with a history of SLEs (Alexander et al, 2009) . Our sample was too small to formally conduct the same analysis, but inspection of the subsample of men in the younger sample revealed higher cortisol reactivity in the L group, in contrast to Alexander et al's (2009) findings. These different outcomes might at least be partly due to the use of different stressors across the two studies. Future work with much larger 5-HTTLPR, SLEs, and stresssamples will need to address these and other factors that may have driven these conflicting gender effects.
Our study is limited by its reliance on self-report: although the LHC and LEQ have been shown to reliably elicit memories, biases cannot be entirely ruled out. Furthermore, our participants may have differed in their ability to remember events accurately despite the use of memory cues and the calendar format of the LHC method. Also, because the number of SLE during the first 5 years of life was not available for older adults because of the nature of the assessment method, analyses between early life stress and genotype could not been carried out for older adults. Another limitation is that recruiting strategies differed between the three groups: children were recruited at schools in Dresden, and younger adults were recruited via flyers from campus, but older adults were recruited via flyers in a fitness center for older people and an advertisement in a local newspaper. Thus, our sample of older adults may represent a cohort of healthier and more active individuals, compared with the other cohorts tested in this study. Finally, our current sample is too small to conduct analyses in regard to possible quadruple interactions between 5-HTTLPR genotype, SLEs, age, and gender. We plan to continue increasing our sample to be able to conduct these analyses in the future.
In sum, our findings support the notion that the effects of functional genetic variations are further modulated by environmental factors, particularly by those occurring during the early 5 years of life. Instead of a simple additive effect, by which early life stress may exacerbate a genetically predisposed individual to respond to social stressors in later life, we observed an interaction of 5-HTTLPR genotype and early life SLEs. On the basis of this interaction, characterizing an individual's stress response on genotype alone leads to potentially erroneous conclusions. For example, in our younger adult data set, the cortisol response of homozygous L allele carriers may be substantially greater or smaller than that of S allele carriers, depending on the number of SLEs they experienced. Fascinatingly, a high number of early SLEs in homozygous L carriers are associated with reduced cortisol stress reactivity, suggesting positive adaptation in the face of early environmental stressors. This is the first study, to our knowledge, to investigate the influence of 5-HTTLPR and SLEs in a cross-sectional design. We find that 5-HTTLPR is associated with individual differences in stress reactivity that may endow individuals with variable stress reactivity, with early SLEs modulating the direction of this response.
All results for tri-allelic genotypes have been discussed as well (see Supplementary Information).
